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ABSTRACT 

It is w e l l  kaown t h n t  c l a s s i c a l  e lectrodynamics can be desc r ibed  b o t h  as 

a f i e l d  theo ry  and as  A theory  of  d i r e c t  i n t e r p a r t i c l e  a c t i o n .  I n  t h e  p re sen t  

piper  it is s!iov:n t h a t ,  p rovided  ccr ta i r l  gene ra l  conditions are  s a t i s f i e d ,  f i e l d s  

of a r b i t r a r y  s p i n  have t h e i r  cour i t e rp i r t s  i.n " d i r e c t  p a r t i c l e  f i e l d s " .  This 

correspondence between t h e  two fomalisms is  es t a b l i s h d  i n  the  Riemannian spacz- 

tine used f o r  g e n e r a l  r e l a t i v i t y .  
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- 1. INTRODUCTION 

The two fundamental i n t e r a c t i o n s  o f  c lass ical  phys ic s ,  e l e c t r o  dynamics and 

g r a v i t a t i o n ,  have been descr ibed  i n  two d i f f e r e n t  ways. One makes u s e  of  t h e  concept  

of d i r e c t  i n t e r a c t i o n s  between p a i r s  of p a r t i c l e s ,  wh i l e  t h e  o t h e r  i nvo lves  i n t e r a c t i o n s  

between p a r t i c l e s  and f i e l d s .  Newton's l a w  o f  

g r a v i t a t i o n  was s t a t e d  as  a l av  of  a c t i o n  a t  a d i s t a n c e  between p a i r s  of mater ia l  ,' 

H i s t o r i c a l l y  t h e  former came f i r s t .  
.Id.. 

p a r t i c l e s .  

However, Coulomb's l a v  d id  n o t  have the same success  i n  e l e c t r o  dynamics as Newton's l a w  

had i n  g r a v i t a t i o n .  

Th i s  w a s  followed by a similar l a w  i n  e l e c t r o  dynamics - t h e  Coulomb l a w .  
r 

i 

The l a w  f a i l e d  i n  g i v i n g  an  adequate  d e s c r i p t i o n  of i n t e r a c t i o n  

between r a p i d l y  moving charges.  

a c t i o n  a t  a d i s t a n c e .  

t h a t  t h e  law b e  modified t o  make t h e  a c t i o n  t r a v e l  a t  a f i n i t e  speed such as t h 2  speed 

The reason f o r  f a i l u r e  l a y  i n  t h e  concept  of  i n s t a n t a n e o z  
! .\ 

As e a r l y  as i n 1 8 4 5 ,  Gauss recognized t h i s  and went on t o  s u g g e s t  

-- of If&. 

The impasse' i n  e lectrodynamics was, however, r e so lyed  in a n  a l t o g e t h e r  d i f f e r e n t  

rrianner, In 1876 E.1a:well proposed the  theory of e l ec t romagne t i c  f i e l d s .  According . 

t o  t h i s  t heo ry ,  charges i n t e r a c t  w i th  each o t h e r  through an  independent e n t i t y  c a l l e d  

t h e  e l ec t romagne t i c  field. The d i s tu rbances  propagate  through such f i e l d s  w i t h  a 

c h a r a c t e r i s t i c  spe2d, t h e  speed of l i g h t .  
, 

The success  of  Maxwsll's theory  e s t ab l i shed  t h e  f i e l d  concept i n  p h y s i c s .  

Furtherizorz,  w i t h  t he  advznt of s p e c i a l  r e l a t i v i t y ,  i t  baczme clear t h a t  t h e  concept  of  

i n s t an taneous  a c t i o n  a t  a d i s t a n c z  is untenabls ,  Xven Newton's l a w  of g r a v i t a t i o n  

had t o  b e  m o d i f i e d .  E i n s t s i n ' s  zffor ts  i n  t h i s  d i r e c t i o n  l e d  him t o  t h e  g e n e r a l  t h e o r y  

of r e l a t i v i t y .  

is c l o s e r  t o  t h e  " f i e ld"  poin t  o f  view t han  t o  t h e  "ac t ion  a t  a d i s t a n c e "  p o i n t  of view. 

Although gene ra l  r e l a t i v i t y  is a n  unilsuzl theory  i n  many respects,  i t  

Actioil a t  8 d i s t a n c z  was, hcweva ,  rev ived  by s e v e r a l  t h e o r e t i c a l  T h y s i c i s t s  i n  

this csnttiry.  The work of  Schwarzschild (1903), Tetrode (1322) GXI Fokker (1929,a,1929b, 

1932; gave a n e t h e m t i c a l  r 'ornulatiori  of G2uss 1 s iclea of delayed z c t i o n  a t  a d i s t a n c e ,  



- -  
*. 

-. 
-2- 

Such a fo rmula t ion  was n e c e s s a r i l y  t i n e  - symmetric and appeared,  a t  f i r s t ,  i nadequa te  

t o  d e s c r i b e  t h e  time-asymmetric phenomena such 2s e lec t romagnet ic  r a d i a t i o n .  

d i f f i c u l t y  was r e so lved  by Wiieeler and Feynman (1945, 1949) who po in ted  o u t  t h a t  

such  phenomena can be accounted f o r  in a "pe r fec t ly  absorbing" un ive r se .  

T h i s  

The cosmological  

i m p l i c a t i o n s  o f  t h e  Wheeler-Feynman theory have alsb been subsequent ly  i n v e s t i g a t e d ,  

w i t h  i n t e r e s t i n g  r e s u l t s .  (c f  Hogarth 1962, Hoyle and N a r l i k a r  1963).  These ,f d .-. 
' .  

c o n s i d e r a t i o n s  hzve s h o m  t h a t  t h e  concept o f  d i r e c t  i n t e r p a r t i c l e  a c t i o n  can  b e  made 

t o  work i n  c lass ica l  e lec t rodynamics  ,. 

There is, however, no th ing  s p e c i a l  about  e lectrodynamics.  I f  w e  want t o  r e i n s t a t e  

t h e  concept  of d i r e c t  i n t e r p a r t i c l e  a c t i o n  on an equal  f o o t i n g  w i t h  f i e l d  theo ry  i n  

c lass ica l  phys ic s ,  we should  be a b l e  t o  g e n e r a l i z e  t h i s  r e s u l t  t o  o t h e r  i n t e r a c t i o n s .  

More s p e c i f f c d S y ,  w e  ask t h e  fol lowing ques t ion :  "Given a f i e l d  t h e o r e t i c  d e s c r i p t i o n  

for  a n  i n t e r a c t i o n ,  car~ we formula te  an analogous d e s c r i p t i o n  in terms o f  d i r e c t  

i n t e r p a r t i c l e  ac t ion?"  

t 

f :\ 5, 
? / - -  

Here w e  confine ou r se lves  t o  t h e  formal  a s p e c t s  of t h i s  problem, 
%:, 

< :  - _  

and w i l l  n o t  cons lde r  such t h i n g s  as the  absorber  theory of r a d i a t i o n ,  IR t h e  fo l lowing  
,*:<, . : c ,, ,, .. 

s e c t i o n  we i l l u s t r a t e  t h e s e  formal a spec t s  wi th  t h e  faii i l iar  example o f  electrodynqi$'c$. 

I n  t h e  subsequent  s e c t i o n  we t r i l l  g e n e r a l i z e  the r e s u l t  t o  f i e l d s  o f  a r b i t a r y  s p i n .  

2. CLASSICAL ELECTRODYW,@iICS 

C l a s s i c a l  e lec t roniagnet ic  f i e l d  theory can b e  der ived  from an a c t i o n  p r inc ip12 .  
c - .  

Th? a c t i o n  is g iven  by 
-._ I 

1 ik ?&and LP e a 
Here A is t h e  4 - 3 3 t 2 n t i d  and F tSe corres?snding d e c t r o n a g n e t i c  f i e l d .  

ere  ths xzs s  and charge  ~f a t y p i c a l  par t ic le .  The f i rs t  ts-mL i s  p u r e l y  g r a v i t a t i o n a l  

and l ezds  to t h s  Einstein t e n s ~ r  of  g e ~ e r a l  r e l a t i v i t y .  [Throughout i h i s  d i s c u s s i o n  w e  

s h a l l  u se  :he Eirtsteia d e s c r i p = i o n  of  g r a v i t a t i a n ] .  5 i s  t h e  cons ta i l t  of  g r z v i t a t i o n .  

rn 1Ii; v z l o c i t y  or' l igh l :  i s  t s k m  t o  be  uni ty .  

integ;-als ovZt t h e  world lin-33 of p z r t i c l e s .  

The secoad and f o u r t h  terns i n  (1) invo lve  

The second t e r n  arises f r o n  t h e  i n e r t l a  

~~ 
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of t h e  p a r t i c l e  wh i l e  t h e  f o u r t h  term desc r ibes  t h e  i n t e r a c t i o n  of t h e  charge  w i t h  

t h e  f i e l d .  The t h i r d  term con ta ins  no informat ion  about p a r t i c l e s ;  i t  i s  pure ly  a 

f i e l d  term. 

The formal a s p e c t s  of t h e  theo ry  a r e  a l l  contained i n  t h e  above a c t i o n  p r i n c i p l e ,  

The r e l e v a n t  i n f o m a t i o n  i s  ob ta ined  by r e q u i r i n g  t h a t  t h e  change i n  J be ze ro  f o r  f 
E m a l l  v a r i a t i o n s  of v a r i o u s  q u a n t i t i e s .  I n  e f f e c t  t h e r e  are t h e  fo l lowing  v a r i a t i o r i k  

' .  

[ a ]  The v a r i a t i o n  of p a r t i c l e  world lines l e a d s  t o  t h e i r  equat ion  of motion. 

The f o u r t h  term i n  (1) g i v e s  t h e  Lorefitz f o r c e  formula, 

[b] The v a r i a t i o n  of t h e  Ai l e a d s  t o  the  Ifaxwell equa t ions  of t h e  e l ec t romagne t i c  

f i e l d .  The l a s t  two ternis i n  (1) c o n t r i b u t e  i n  t h i s  v a r i a t i o n .  

[c] The v a r i a t i o n  of g l e a d s  t o  t h e  g r a v i t a t i o n a l  equa t ions ,  The e l ec t romagne t i c  ik 
I 

.' . 
energy-monmtm t e n s o r  is c o n t r i b u t e d  by t h e  t h i r d  term, 

The corresponding d i r e c t  i n t e r p a x t i c l e  a c t i o n  i s  g iven  by 
% 

The f i rs t  two terms i n  (2) are the  same as i n  (1). There i s  no term i n v o l v i n g  

f i e l d  q u a n t i t i e s ,  however, h s t e a d ,  the  l a s t  term i n  (2) expres ses  t h e  sum o f  i n t e y 2 c t i o n s  
T.  - 

. between p a i r s  o f  p a r t i c l e s .  Thus, Gi i ,  is a propagator  connec t ing  a t y p i c a l  p o i n t  A 
f i b  - I  

on t h e  world l i n e  of  p a r t i c l e  a w i t h  a t y p i c a l  p o i n t  B c n  t h e  world l i n e  of  p a r t i c l e  k* - 
Gi,ig is a two-point t e n s o r  w i t h  index i a t  A and % a t  B. It is symmetric,  1.e.) 

A .  

and s a t i s f i e s  th2 w ~ v 2  equatTo3 

-- c 

whe-rs 9;,iB is a p a r a l l e l  propagator  (cf. Synge 1960) and z ( A , B )  = c k . t . 1 \  9 ~ ~ ; ~  11. 
c 

mny b e  formal ly  writter! (cf.  DzTYitt axid S r e h e  1961)  
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where SA, is  t h e  square  of t h e  d i s t a n c e  between A , B  measured a long  t h e  geodes i c  

(assumed t o  be  unique) j o i n i n g  then.  A i s  g iven  by 

The f i r s t  term i n  (5) con ta ins  t h e  d e l t a  func t ion  and d e s c r i b e s  t h e  p a r t  of the 

i n t e r a c t i o n  which t r a v e l s  w i th  t h e  speed of  l i g h t .  

a h e a v i s i d e  fur ,c t ion  and desc r ibes  t h e  p a r t  of t he  i n t e r a c t i o n  s c a t t e r e d  ins ide .  the"'l" 

The second term i n  (6) c o n t a i n s  

- 
l i g h t  cone. Tn f l a t  space c-i,lCfi .= c , A =  I and we g e t  only t h e  f i r s t  p a r t  of h- 

Although we could desc r ibe  a l l  e lec t romagnet ic  phenomena e n t i r e l y  through t h e  
LA 43 

a c t i o n  (21, i t  i s  convenient t o  use  the  s o  c a l l e d  d i r e c t  p a r t i c l e  f i e l d s .  These are 

e n t i t i e s  de f ined  i n  tems of p a r t i c l e  world l i n e s  and t h e  propagators .  

der ' ine t h e  4- potent ia l .  

----I- 

Thus, we 

A'''? a t  )! due t o  p a r t i c l e  2 by % 

The corresponding 'ci irect  p a r t i c l e  f i e l d  i s  g iven  by 1 ,  

The formal v a r i a t i o n a l  problem i n  t h i s  theory i s  as fo l lows:  

[ a ]  T? . ' 4 q ~ ~  of motion of p a r t i c l e s  ar2 obta ined  by t h e  variation of ?a r t i c l e  

world l i n e s .  We g e t  the analogue o f  Lorentz f o r e  from t h e  t h i r d  term of  (2)  w i t h  t h e  

d i f f e r e n c e  t h a t  a l l  f i e l d s  a c t i n g  on a t y p i c a l  p a r t i c l e  - a are d i r e c t  p a r t i c l e  f i e l d s  , 

o f  p a r t i c l e s  'o ther  tI ian a .  --- 
[b]. There i s  no analoguc o f  [b] i n  t h i s  case,  as t h e r e  are no independent  e n t i t i e s  

c a l l e d  f i e l d s .  The analogue of Maxweli zquat ions  i s  'nowever conta ined  i n  ( 4 ) .  The 

propagator  is so  de f ined  tha.2 a l l  d i r e c t  pa - r t i c l c  f i z l d s  s a t i s f y  t h e  IIaxmd.1 e q u a t i o n s  

i d e n t i c a l l y .  Also t h e  gaug2 cont ion  
' t  

A';; = 0 i s  s z t i s f i e d  s o  long  as charge  is  conserved ,  

[ c ]  Although t h e r e  is  no tern1 i n  (2) analogous t o  t h e  t h i r d  term i n  (l), w e  s t i l l  

get  a ~ I O ~ I - Z ~ ~ G  c o n t r i b u t i o n  t o  t h e  Eins te - ln  ;..qcations froin t h e  e l e c t r o m a g n e t i c  term. 

I'll?= I s  becsuse  t h e  va r i a tk r i  of g;, causss G, ;. t o  change. Th i s  c h a s e  can be 

ca lcu la tzd  snil t h e  r e s u l t  expressed 8s s n  energy incnentm t e n s o r  of t h e  s l e c t r o n a g n e t i c  

i n t e r a c t i o 2 .  The t e c s o r  has  t h e  f o r n  

c 

A ij 
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T h i s  is analogous t o  ' the  energy monent*m t enso r  of  f i e l d  theory  . 

When t h i s  

a coinc idence .  

N a r l i k a r  1964) 

r e s u l t  was f i r s t  obtained (Hoyle and N a r l i k a r  1964) i t  looked more l i k e  

S i m i l a r  r e s u l t s  were obtained i n  t h e  case of  t h e  C-f ie ld  (Hoyle and 

f o r  t h e  Dirac f i e l d  (Islam 1966). However, t h e  methods employed 
.e .{ . . '  

t h e r e  were of t h e  "slogging" type  and did no t  g ive  i n s i g h t  i n t o  t h e  c l o s e  r e l a t i o n s h i p  

between f i e l d  t h e o r i e s  and t h e o r i e s  of d i r e c t  i n t e r p a r t i c l e  a c t i o n .  
,- 

The purpose of t h i s  paper i s  t o  emphasize t h i s  c l o s e  r e l a t i o n s h i p .  To t h i s  end 

w e  w i l l  proceed i n  t h e  fo l lowing  way, F i r s t  w 2  will write  down an  a c t i o n  f o r  a n  

a r b f t r a r y  f i e l d .  

i n t e r p a r t i c l e  a c t i o n  which resembles the o r i g i n a l  f i e l d  theory  as i n  t h e  case o f  

e lectromagnet ism descr ibed  above. 

f i$ t heo ry  n u s t " ' s a t i s f y  c e r t a i n  l i n e a r i t y  cond i t ions  which are g e n e r a l l y  s a t i s f i e d  

by &lds d i scussed  i n  t h e o r e t i c a l  physics ,  

CorreSponding t o  . t h i s  actio-il w e  w i l l  c o n s t r u c t  a theory  of d i r e c t  
1 :'. .. . 
<f 

~_ 
?'r I 

', 

For such a correspondence t o  ex is t  t h e  o r i g i n a l  
. .  .. .. 

:?+ 2- 

1 5 '  .> 

,' 

i; ,- 

. .  ' 3. FIELDS OF ARBITRARY SPIN 

We w i l l  f i r s t  cons ider  t e n s o r  f i e l d s  of arf3itrz-r~ rank.  L a t e r  w e  w i l l  show 

how t h e  c a l c u l a t i o n . c a n  be  extended e a s i l y  t o  s p i n o r  f i e l d s ,  

L e t Q b e  a t e n s o r  f i e l d  of rank N, i n  i n t e r a c t i o n  wi th  p a r t i c l e s .  As ir t h e  

e l e c t r o n a g n e t i c  case ,  we w i l l  assume t h a t  i t s  p r o p e r t i e s  can b e  de r ived  from an 

. 

a c t i o n  4 o f  t h e  f o m  

Here t h s  t h i r d  term c m t a i n s  a Lagranzian of t he  f i e l d  9 and t h e  f o u r t h  term describes 

t h e  i n t e r a c t i o r i  of 

nust  s a t i s f y  t o  enable  lis t o  cons t ruc t  e d i r e c t  p a r t i c l e  i n t e r a c t i o n  theory  analogous 

wirh  p a r t i c l e s .  W2 w i l l  now' s ta te  t h e  c o n d i t i o m  Lc+] , and 1 rd)2a] 

t o  (11). 
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1 ( f j  L l4J3 is a ‘ b i l i n e a r  i nvan ian t  crimp Pd i?d it f < r  
LA.. t 

d e r i v a t i v e s .  The c o e f f i c i e n t s  appearing i n  the  b i l i n e a r  fonn must be  f u n c t i o n s  

of space  t ime geometry. 

Thus, f o r  a t e n s o r  f i e l d  i ) iK ~ L would be a combination of t h e  form 

where A,B,C are t e n s o r s  connected wi th  space  t i m e  q u a n t i t i e s  on ly  , I d . .  . 

I n  the case o f  a t e n s o r  f i e l d  of  rank N ,  w e  can  w r i t e  down a similar express ion .  
I 

However, to avoid  w r i t i n g  down t o o  mapy s u f f i x e s  e x p l i c i t l y  w e  u s e  t h e  fo l lowing  convent ior  -2 - - 

1 #,li ( 2  - -  - I N  
We w i l l  w r i t e  t o  denote  a t y p i c a l  conponent of . Thus LL4.1 w i l l  

be an expres s ion  of t h e  form 

Summertion conventicjn over  r epea ted  i n d i c e s  i s  understood as usua l .  

c o n t a i n  gik and t h e i r  d e r i v a t i v e s .  

A s  in (121, A,B,C 

(ii) 1 Lo,&] i s ‘ a n  express ion  of  t he  f o m  
1 

where D is a ‘coupling c o n s t a n t  and 

t h e  world l i n e  of p a r t i c l e  2. 

l i rJ Im is a t e n s o r  of r ank  N depending e n t i r e l y  on  

..% * 

It is possible t o  g e n e r a l i z e  t h e  condi t ions  (i’) and(l5) f u r t h e r  and s t i l l  m a t n t a i n  
* .  

t h e  l i n e a r i t y .  However, ths express ions  (13)-and (14) are s u f f i c i e n t  f o r  ou r  p re sgn t  

purposs .  Most of  the  f i e l d s  d i scussed  i n  t h e o r e t i c a l  phys ics  neet t h e s e  requi rements .  

Ths e x p r e s s f o x  (13) aad (14) s t e  w r i t t e n  i n  an  i n v a r i a n t  form. T h i s  i s  e s s e n t i a l  

f o r  any a c f i o n  p r i n c c p l e .  Iiowcvzr, once they  ara w r i t t e n ,  wa can regroup t h e  d i f f e r e n t  

terns i n  a fonn moil2 tonvsnien: for c a l c u l a t i o n s .  This W i l l  destroy t h e  i n v a r i a n c e  

of i nd iv i i i ua l  t ~ r n 3 ~  but no t  oE the san of a l l  t e r m .  I n  t h e  fo l lowing  c a l c u l a t i o n  

wc? ; J i l l  replzce a l l  covzii-iont d e r i v a t i v z s  by o rd ina ry  d e r l v a t i v s s ,  and w i l l  a l s o  

inc lud?  the f ac to r  w i t h  L c ( f ) ]  Thtls t7e writ2 
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Note t h a t  w e  have rep laced  +GjK by Tz9kc , etc. e tc .  d , f ,  f are no longe r  t e n s o r s ,  

b u t  they  s t i l l  invo lve  only  t h e  geometr ical  q u a n t i t i e s .  

As i n  t h e  e lec t romagnet ic  case we have t h r e e  types  o f  v a r i a t i o n .  

[a] The v a r i a t i o n  of p a r t i c l e  world l i n e s  l e a d s  t o  t h e  equa t ion  of motion. 
,t:t.. . 

The 

second 2nd f o u r t h  tern of (11) c o n t r i b u t e  t o  t h i s  v a r i a t i o n .  
f 

[b] The v a r i a t i o n  of 4 l e a d s  to  the f i e l d  equat ion  fo r  Q.) . In  t h e  case o f  (16) 

we have, on v a r i a t i o n  of @ , 

where t h e  i n d i c e s  

t h e  world l i n e  of - a. 

i, c,k ... r e f e r  t o  a g e n e r a l  p o i n t  X and m t o  t h e  po-int A on 
A 

z 

5i;rEA i s  a p a r a l l e l  p ropagator  of r\l components. 

[c] The v a r i a t i o n  of gik l e a d s  t o  t h e  E i n s t e i n  f i e l d  equat jons .  The t h i r d  term 

of (11) c o n t r i b u t e s  an  energy-momentum-tensor Tik of the Q) - f i e l d .  We g e t  
CQ3 

I n  t h e  above v a r i a t i o n ,  on ly  t h e  c o e f f i c i e n t s  dli; .f  ars  a f f e c t e d  s i n c e  +-. and 

are kept zons taa t .  

we can  always w r i t e  Tik as a t e n s o r  a f t e r ,  s.A,s ,&I' have been eva lua ted .  

because j x  d4x 

d; 
Althoilgh th2  r i g h t  hand side of (18) does  n o t  appear  i n v a r i a n t ,  

LJL 

This  i s  B 
is  an  i n v a r i a n t .  

W2 now c o n s t r u c t  2 d i r s c t  p z r t i c l e  theory  ana1o;;ous t6 th2 a h o v e . f i e l d  theory .  

As i n  t ha  e l e c t r o m g z e t i c  c.as2, we loo?c f o r  s s u i t a b l e  propagator  connec t ing  e 



-8- . .- 
c 

yair of p a r t i c l e  world l i n e s .  S ince  the f i e l d  .': has fi i n d i c e s ,  t h e  propagator  

i s  a b i t e n s o r  w i t h i d i n d i c e s  a t  each end. 1.Je s h a l l  denote  t h e  propagator  - 
between A and B by ' G - This  is a Green's f u n c t i o n  satisfying t h e  equa t ion  r n p f i  

L 

wher t h e  s u f f i x  A h a s  been suppressed f o r  convenience of w r i t i n g ,  GzATiiD is i q  

r .  syninetric t r i t h  r e s p e c t  t o  A , B ,  i . e . ,  
i' 

'; We d e f i n e  t h e  d i r e c t  p a r t i c l e  f i e l d  0:' a t 8  due t o  p a r t i c l e  2 by 
m x 

The a c t i o n  d e s c r i b i n g  t h e  whole theory can b e  w r i t t e n  down as 

Writ ing  

[ 23; 

w e  can  rcwrite (2?J 2s 

Thus t h e  t h r i d  term i n  ( 2 4 )  appsa-rs t o  bs ar,aI.ogous t o  the 

from t'nc f a c t o r  1 /2 .  This f e a t u r e  i s  comxon to a l l  d i r e c t  

We now cons ide r  t h e  m a l o g u e s  of the  v a r i a t i o n s  [a] - 

f o u r t h  term of  (11) - a p a r t  

p a r t i c l e  t h e o r i e s .  

[c ]  in t h c  p r e s e n t  case. 

[a]  The v a r i a t i o a  of tlis world l i n e  of p a r t i c l e  a givss  the e q u a t i o n  of motion - 
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of a. The "Corce" c o n t r i b u t e d  by t h e  i n t e r a c t i o n  i n  t h e  p r e s e n t  theory  is  t h e  

same as  t h a t  from t h e  f i e l d  theory ,  with t h e  d i f f e r e n c e  t h a t  

This is  obvious  form t h e  f a c t  t h a t  t he  f o r c e  is  der ived  frcm the f o u r t h  term i n  

is r ep laced  by {&* 

(11) and t h e  t h i r d  term i n  ( 2 4 ) .  

case.] 

[The f a c t o r  1 / 2  does n o t  appear  i n  t h e  l a t t e r  
,..- 
Y- Thus i n  t h e  p r e s e n t  theory  se l f - ac t ion  i s  excluded. 

$ d . -  
[b] W e  d e f i n e  t h e  t o t a l  d i r e c t  p a r t i c l e  f i e l d  a t  x by - le) 

= L Q.,, , 
c t  

42- 
mX 

It is t hen  easy to see t h a t  by vir tue of the  d e f i n i t i z o n  (21), f- s a t i s f i e s  
mx 

t h e  equat ioi i  (17) i d e n t i c a l l y .  

t o  va ry ,  and t h i s  i d e n t i t y  r e p l a c e s  the f i e l d  equat ion  (17).  

A s  i n  the e lec t romagnet ic  c a s e ,  t h e r e  are no " f i e l d s "  

[c) F i n a l l y  we cons ide r  t h e  v a r i a t i o n  of gik. This changes t h e  sir;pand hence 

J,. To e v a l u a t e  pg we f i r s t  cons ide r  the v a r i a t i o n  of (19). 
L 

Wri t lng  the 'change  i n  GG we g e t ,  '-. x 6  

Again we have suppressed  s u f f i x  ,Y f o r  conva7ience. 

f u n c t i o n  t o  wr i te  dotm th; so iu t ior i  of (25) in an i n t e g r a l  fornil. 

providzd the changes 

o r d e r  of sma l lns s s . .  112 thz re5ora  g e t  

W E  can  use t h e  o r i g i n a l  Green 's  

Th i s  is p e r n d t t e d  ' 

8 3 ;  i: are of first orde r  and w e  n e g l e c t  q u a n t i t i e s  of h i g h e r  
- 

as s GzAms- 
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The 

Assuming 

f i r s t  and t h i r d  terns i n  t h e  above can b e  r e w r j t t e n  by p a r t i a l  i n t e g r a t i o n .  

t h a t  t h e  v a r i a t i o n s  van i sh  on the  s u r f a c e  of  t h e  rep,ion of  v a r i a t i o n ,  we g e t  

Using (21) w e  g e t  

. l  

* \  Comparison of (28) and (18) shows the  s i n i l a r i t y  of t h e  energy mon;entum tensorg  

i n  t h e  tw0 t h k o r i e s .  

no a c c i d e n t .  . ’, I 

The s i m i l a r i t y  not iced i n  t h e  e lec t romagnet ic  c a s e ,  was t h e r e f o r e  
L . .  

% 

I n  g e n e r a l  i t  is  much s imple r  t o  c a l c u l a t e  t h e  energy momentum t e n s o r s  i n  a f i e l d  

The above r e s u l t  shows t h a t  i n  t h e  corresponding d i r e c t  p a r t i c l e  t heo ry  i t ’ i s  

. a*. 
theory.  

n o t  necessary  t o  carry through t h e  c a l c s l a t i o n  of  SGis; - E,. We can a r r ive  a t  t h e  energy 
IJ 

momentum t e n s o r  in this t heo ry  by us in2  th2  fallowing r u U :  

I n  t h 2  energy momentun t e n s o r  of  the f i e l d  theory  s u b s t i t u t e  f o r  4% t h e  sun (25) .  

The t e a s o r  t hen  becoiaes a double  sm. over p a r t i c l e  p a i r s .  

I 1  degenera te”  p a i r s ,  i.e. p z i r s  of  Pdznt ica l  p a r t i c l e s  [c-,td. The remzining terns i n  

t h e  s m  r e p r e s e n t  t h e  m e r g y  ~ . m z ~ t m i  temo-r of  t h e  analogous t heory  of  d i r o c t  i n t e r p a r t i c 1  

From t h i s  sum d e l e t e  a l l  t h e  



.The above r e s u l t s  can be e a s i l y  extended t o ' s p i n o r  f i e l d s .  T h i s  i s  because 

no u s e  was made of t h e  gene ra l  covariance of t h e  f i e l d s .  

be cons idered  wi th  t h e  use  of s p i n o r  i n d i c e s  i n  a d d i t i o n  to  t h e  t e n s o r  ones. 

Thus s p i n o r  f i e l d s  could . 
The 

only p o i n t  of  d i f f e r e n c e  t h a t  arises i n  t h e  s p i n o r  c a s e  is  t h a t  t h e  e n t i t y  t o  be  

v a r i e d  i n  [c ]  is n o t  g;, b u t  9;,). j L d p  is r e l a t e d  t o  9 ; ~  by J.t... 
I 

9i.p .9;,"P = 2 9;& . ' (2'5) 

[ In  view of  t h e  v a r i e t y  of  n o t a t i o n  i n  use t o  d e s c r i b e  s p i n o r s ,  i t  i s  b e s t  t o  s ta te  

t h a t  the n o t a t i o n  used h e r e  i s  t h a t  of Hoyle and E a r l i k a r  (1967)]. Although si,; can  

be v a r i e d  w i t h  16  degrees  of freedom, o n l y  10 of t h e s e  c o n s t i t u t e  a genuine geomet r i ca l  

v a r i a t i o n .  We can  express  t h i s  i n  the  form 

The remaining 6 degrees  of freedom correspond t o  Lorentz  t r ans fo rma t ions ,  and are n o t  
. .  . '. 

,.of i n t e r e s t  i n  t h e  p r e s e n t  v a r i a t i o n a l  problein. 
+" 

Corresponding to  (17) w e  havs  for s p i n o r  f i e l d s  

The same r e su l t  carr ies  through f o r  d i r e c t  p a r t i c l e  t h s o r i e s .  

4, CONCLUSION 

The work of t h e  2rev ious  s s c t i o n  shows t h a t  provided the c o n d i t i o n s  (i), (ii) are 

s a t i s f i e d ,  there e x i s t s  a d i r e c t  p a r t i c l e  analogue of every f i e l d  theory .  

c o n d i t i o n s  are necessary is seEn f r o n  the  f a c t  t h a t  such a correspondence does n o t  

That  t h e s e  

e x i s t  where L is n o t  a bi l fn2a-r  of t h e  form (16), o r  I is not of t h e  f o m  (14).  A 
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- - '  n o t a b l e  example of t h i s  i s  a D i r a c . f i e l d  i n  i n t e r a c t i o n  wi th  a scalar  f i e l d .  The 
+- 

i n t e r a c t i o n  term i s - y Y $  . This  i s  l i n e a r  i n +  b u t  no t  i n  9 . We t h e r e f o r e  cannot  

e x p r e s s  y3.s a d i r e c t  p a r t i c l e  field. This d i f f i c u l t y  was encountered by Islam (19671 

i n  h i s  d i s c u s s i o n  of  t h e  Dirac  f i e l d .  

as a d i r e c t  p a r t i c l e  f i e l d  and treatqas  an e n t i t y  spec i fy ing  t h e  p a r t i c l e .  

can  be  t r e a t e d  as 5" i n  (14). [ of Hoyle and N a r l i k a r  19671 

The d i f f i c u l t y  is removed i f  w e  r ega rd  Q) a l o n e  

Then Ff' 
.I L'.. ' 

, 

The correspondence cons idered  i n  t h i s  paper is confined e n t i r e l y  t o  c l a s s i ca l  

I 

r 

phys ics .  

of d i r e c t  i n t e r p a r t i c l e  a c t i o n .  

been s t u d i e d  e x t e n s i v e l y .  

experiments3 

d i f f i c u l t i e s  

t h e s e  d i f f i c u l t i e s  w i l l  d i sappea r  when we have a proper  unders tanding  o f  t h e  quan;iim 

theory  of d i r e c t  i n t e r p a r t i c l e  a c t i o n .  

A s  y e t  no p rogres s  has been made towards understanding t h e  quantum n a t u r e  

The quantum theory  of f i e l d s ,  on t h e  o t h e r  hand, h a s  

Although i t  has  produced s e v e r a l  r e s u l t s  i n  agreement w i t h  

The - {  

PeyF2ps 

i 
; 

*he quantum f i e l d  theory cannot be  regarded as a p e r f e c t  theory .  

o f  s e l f - a c t i o n  and vacum p o l a r i z a t i o n  are o n l y  too  w e l l  known. 

I .  

* r  

\ * I  .\ 
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